. odr-4 and odr-8 Mutants Have Defective Responses to a Subset of AWASensed and a Subset of AWC-Sensed Odorants (A) Animals were raised at 25ЊC and tested for chemotaxis to a point source of 1 l of odorant. Chemotaxis Index (C.I.) ϭ (number of animals at odorant Ϫ number of animals at control) / total number of animals on the plate. A C.I. of 1.0 indicates complete attraction, while a C.I. of Ϫ1.0 indicates complete repulsion. Each data point represents the average of at least six independent chemotaxis assays using ‫001ف‬ animals per assay. Error bars equal SEM. Dilutions of odorants (in ethanol) were the following: 1/1000 benzaldehyde, 1/1000 diacetyl, 1/10 trimethylthiazole, 1/100 isoamyl alcohol, and 10 mg/ml pyrazine. Chemotaxis to trimethylthiazole at a 1/1000 dilution can be mediated by either AWA or AWC (Bargmann et al., 1993) , but only AWA mediates chemotaxis at a 1/10 dilution (data not shown). (B) Chemotaxis responses of wild-type (N2), odr-4(n2144), odr-8(ky31) , and the double mutant odr-4(n2144); odr-8(ky31) were compared over a series of 10-fold odorant dilutions. Each data point represents the average of at least five independent assays. Highest concentrations (1ϫ) for each odorant were 1/10 benzaldehyde, 1/10 trimethylthiazole, 1/100 diacetyl, and 10 mg/ml pyrazine.
for all AWA-mediated responses (Colbert et al., 1997 ; Results Roayaie et al., 1998) . Hence, multiple receptors probably odr-4 and odr-8 Mutants Have Specific converge on the G␣ protein and channel. Several gene Olfactory Defects families that encode seven transmembrane domain reodr-4 and odr-8 mutants were isolated in behavioral ceptors including the odr-10-related genes (str genes), screens for chemotaxis-defective animals. odr-4(n2144) are candidate olfactory receptors of C. elegans. Expreswas previously found in a screen for mutants defective sion studies of these receptors revealed that an individin benzaldehyde chemotaxis (Bargmann et al., 1993) , ual olfactory neuron can express several different candiand five odr-8 mutants (ky26, ky28, ky31, ky41 , and date receptor genes (Troemel et al., 1995; data not ky173) were isolated in screens for mutants defective shown), consistent with the observation that an individin diacetyl chemotaxis. All of these mutants displayed ual neuron responds to multiple odorants. defective responses to benzaldehyde, diacetyl, and Here, we examine the mechanisms involved in odor-2,4,5-trimethylthiazole, but they responded normally to ant receptor localization to olfactory cilia in C. elegans.
isoamyl alcohol and pyrazine ( Figure 1 ). The sensory A previous screen for C. elegans mutants with defective neurons that respond to these odorants have been deolfactory behaviors led to the isolation of mutations in the fined by cell ablation experiments (Bargmann et al., odr-4 gene (Bargmann et al., 1993) . We show that odr-4 1993) and genetic ablations; the AWA neurons detect mutants as well as odr-8 mutants are defective in a diacetyl, trimethylthiazole, and pyrazine, and the AWC subset of AWA-mediated olfactory responses: they fail neurons detect benzaldehyde, isoamyl alcohol, and trito respond to diacetyl and trimethylthiazole, but they methylthiazole. Thus, odr-4 and odr-8 mutants lack a respond normally to pyrazine. odr-4 and odr-8 are resubset of AWA-mediated responses and a subset of quired for localization of some odorant receptors to the AWC-mediated responses. Chemosensory responses cilia, including the diacetyl receptor ODR-10. A comparimediated by other neurons were intact in odr-4 and son of odr-4 and odr-8 effects on different signaling odr-8 mutants, including chemotaxis to water-soluble molecules, receptors, and in different cell types implicompounds, dauer formation, and avoidance of high cates receptor localization to the cilia as the critical funcosmolarity and volatile repellents (data not shown). tion disrupted by these mutations. odr-4 encodes a To explore the apparent odorant specificity of the novel type II membrane protein expressed in chemosenodr-4 and odr-8 mutations, a double mutant between sory neurons that is localized to intracellular membranes odr-4(n2144) and odr-8(ky31) was characterized. These in the cell body and dendrites. We propose that odr-4 mutants showed no new chemotaxis or behavioral may function in the folding or transport of odorant recepdefects compared to either single mutant. Moreover, placing odr-8(ky31) in trans to the deficiency nDf41, a tors to mediate their efficient targeting to olfactory cilia. (Sengupta et al., 1996) , with the odr-10 promoter and the first six amino acids of ODR-10 fused to GFP is expressed in AWA neurons. deletion that spans the odr-8 region, caused no new the ODR-10 protein was localized to the cilia of AWA in wild-type animals (Sengupta et al., 1996 and Figures 2D, olfactory defects (data shown for pyrazine, Figure 1) . 2E, and 2H). In odr-4(n2144) or odr-8(ky31) mutants, the same fusion protein was only visible in the cell body odr-4 and odr-8 Mutants Fail To Localize and very faintly in the dendrite (Figures 2F and 2I; Table  the Diacetyl Receptor ODR-10 1). This result indicates that odr-4 and odr-8 are required to the AWA Sensory Cilia for ODR-10 localization to the sensory cilia. Genetic data indicate that all AWA receptors converge
The level of ODR-10-GFP also appeared to be deon the same ODR-3 G␣ protein, so the odorant-specific creased compared to wild-type, but this difference is defects in odr-4 and odr-8 mutants suggested that these not sufficient to explain the missing cilium expression. In genes would affect functions upstream of the G␣ prowild-type animals in which the ODR-10-GFP was weakly tein, such as odorant receptors. To investigate this posexpressed, the GFP was seen exclusively in the cilia; sibility, we examined the effect of odr-4 and odr-8 mutapunctate GFP was seen in the cell body only when the tions on the diacetyl receptor ODR-10. cilia were very bright. In odr-4 and odr-8 mutants, howTo ask whether odr-4 and odr-8 affect transcription ever, the highest expressing animals had GFP only in of odr-10, a fusion gene between the odr-10 upstream the cell body, indicating that the pool of ODR-10 protein region and the green fluorescent protein (GFP) reporter was distributed differently from wild-type (Table 1) . Simiwas examined in odr-4 and odr-8 mutants. This translar results were obtained in animals stained with antigene includes the first six amino acids of ODR-10 and GFP antisera to enhance ODR-10 detection. The deis expressed at high levels in the AWA olfactory neurons crease in ODR-10-GFP protein levels in the mutants may (Sengupta et al., 1996 and Figures 2A and 2B) . odr-4 be secondary to receptor misfolding or mislocalization. (n2144) and odr-8(ky31) mutants expressed this trans-
The overall structure of the AWA neurons revealed by gene at normal levels, demonstrating that odr-4 and the odr-10::GFP fusion was normal in odr-4 and odr-8 odr-8 are not required for transcription from the odr-10 mutant animals, including the axons, dendrites, and cell promoter ( Figure 2C ). bodies ( Figure 2C , and data not shown). The AWA cilia By contrast, odr-4 and odr-8 mutations had striking were also examined in detail using an OSM-9-GFP fueffects on the localization of a tagged ODR-10 protein.
A protein fusion of GFP to the extreme C terminus of sion protein that localizes to the AWA cilia (Colbert et , 1997) . This fusion protein showed that the AWA cilia behavioral phenotype of odr-4(n2144) mutants ( Figure  4B , pODR-4-2). Second, sequencing of the odr-4 gene had normal morphologies in odr-4 and odr-8 mutants ( Figure 3B ). Electron microscopy previously showed that in the n2144 mutant strain revealed two mutations, an A to C transition changing Met372 to Leu, and a G to A the AWC cilia were normal in odr-4 mutants (Bargmann et al., 1993) . To ask whether receptor localization was transition in the splice acceptor for the sixth coding exon ( Figure 4C ). disrupted in malformed cilia, we examined ODR-10-GFP localization in the cilium-structure mutant che-3(e1124), Splice acceptor mutations typically cause a decrease in mRNA levels, suggesting that the odr-4(n2144) mutawhich has stunted AWA cilia (Perkins et al., 1986) . In this mutant, robust localization of ODR-10-GFP to the tion could alter the level of odr-4 mRNA. Indeed, RT-PCR on wild-type and odr-4(n2144) mutant mRNA under cilia was observed despite the severe malformation of the AWA cilia ( Figure 3C ). Thus, ODR-10 protein localizasemiquantitative conditions revealed that odr-4 mRNA was reduced in n2144 mutants ( Figure 4E ). A GFPtion can occur even if AWA morphology is altered.
The effects of odr-4 and odr-8 on other proteins in tagged ODR-4 protein bearing the n2144 mutations was also poorly expressed (data not shown). Thus, it is likely the AWA and AWC cilia were examined using GFP fusion proteins and antibody staining. The G␣ protein ODR-3 that the splice site mutation results in a reduction of ODR-4 protein levels. (Roayaie et al., 1998) , the cyclic nucleotide-gated channel subunit TAX-2 (Coburn and Bargmann, 1996) , and the capsaicin receptor-like channel OSM-9 (Colbert et odr-4 Acts Cell-Autonomously in AWA Neurons al., 1997) were all correctly localized to the AWA or AWC The expression of odr-4 was examined using GFP recilia in odr-4 or odr-8 mutants (data shown for OSM-9-porter constructs ( Figure 4B and Figure 5 ). An odr-4 GFP in AWA, Figure 3B ; ODR-3 in AWC, Figure 3D ). fusion gene that included the entire odr-4 coding region These results indicate that odr-4 and odr-8 are not genfused to GFP was expressed only in twelve types of erally required for protein localization to sensory cilia. chemosensory neurons ( Figure 5A ), including AWA and AWC neurons; this fusion gene rescued all behavioral defects of odr-4 mutants ( Figure 4B ,
pODR-4-4). ODR-4-odr-4 Encodes a Novel Membrane Protein
The odr-4 gene was cloned by positional mapping and GFP expression was seen in all neurons of the chemosensory amphid and phasmid organs except the ASE transformation rescue of the n2144 mutant olfactory defect. A 5.4 kb subclone of the cosmid C28A6 rescued chemosensory neurons and the AFD thermosensory neurons. To date, seven transmembrane domain recepboth the olfactory defect and the ODR-10-GFP localization defect of odr-4 mutants ( Figure 4B , pODR-4-1; Fig- tors from the str and sr receptor gene families have not been found to be expressed in ASE or AFD neurons ure 2G). Two different full-length cDNA clones from this region were isolated, both with SL1 trans-spliced lead- (Troemel et al., 1995 , and our data not shown). Expression in the AWA neurons alone was sufficient ers and poly(A) tails. These cDNAs differ by the presence or absence of a noncoding exon, and both encode a preto rescue odr-4 AWA function in an odr-4 mutant. ODR-4-GFP was expressed solely in the AWA neuron using dicted protein of 445 amino acids ( Figures 4B and 4C ).
The predicted ODR-4 protein does not share homolthe odr-10 promoter ( Figure 5D ), introduced into odr-4 mutant animals, and the transgenic animals were tested ogy with any described proteins. A Kyte-Doolittle plot ( Figure 4D ) showed a strong hydrophobic peak of 22 for rescue of diacetyl chemotaxis (mediated by AWA olfactory neurons) and benzaldehyde chemotaxis (mediamino acids at the extreme C terminus of ODR-4 that could act as a membrane association domain, but there ated by AWC olfactory neurons). The odr-10::ODR-4-GFP fusion gene rescued diacetyl chemotaxis but not is no predicted signal peptide. Two tests confirmed that the gene we had isolated was the odr-4 gene. Perkins et al., 1986) . (B) odr-4 mutants have apparently normal AWA cilia and localize the channel-like protein OSM-9 to AWA cilia. OSM-9-GFP expression in the AWA cilia (arrowhead) reveals a normal morphology in an odr-4(n2144) animal. OLQ cilia are visible dorsal and ventral to the AWA cilia.
(C) Deformed AWA cilia are competent to localize ODR-10-GFP. ODR-10-GFP expressed in the AWA neuron of a che-3(e1124) cilium structure mutant, showing localization to the aberrant AWA cilium (arrowhead).
(D) The G␣ protein ODR-3 is localized to AWC cilia in odr-8(ky31) mutants (arrowheads) and in odr-4(n2144) mutants (data not shown). Animals were fixed and stained with rabbit anti-ODR-3 IgG antibodies (Roayaie et al., 1998) and Cy-3-conjugated secondary antibodies. This dorsal view shows the left and right AWC cilia.
(E) The cyclic nucleotide-gated channel subunit TAX-2-GFP is localized to cilia in odr-4(n2144) mutants (arrowhead). TAX-2-GFP is enriched in cilia of eight types of sensory neurons in the amphid (Coburn and Bargmann, 1996) . (F) The seven transmembrane domain receptor SRG-2-GFP (Chou et al., 1996) is localized to the ASK cilia in odr-4(n2144) mutants (arrowhead).
(G) The seven transmembrane domain receptor SRD-1-GFP, expressed ectopically in AWA using the odr-10 promoter, is present in the AWA cilia in odr-4(n2144) mutants. SRD-1 is also independent of odr-4 for its normal localization in ASI neurons (data not shown). In all cases shown above, similar results were observed in wild-type, odr-4(n2144), and odr-8(ky31) animals. Scale bar, 30 m.
ODR-4 Protein Is Associated with Intracellular
an internal control for expression of the fusion protein, while ␤-galactosidase activity was assessed to monitor Membranes and Is Not Present in the Sensory Cilia protein localization. When GFP and LacZ were fused to odr-4 after amino acid 421, replacing the hydrophobic odr-4 could be involved in odorant receptor folding, trafficking, or clustering. To help distinguish among domain, the triple fusion protein exhibited both robust GFP fluorescence and ␤-galactosidase activity (Figures these models for odr-4 function, the subcellular localization of ODR-4 was examined using a functional ODR-4-5E and 5G) (12/12 transgenic lines stained). However, when GFP and LacZ were fused to ODR-4 just C-terminal GFP protein (see Figure 4B , pODR-4-4).
ODR-4-GFP was present at a high level in the cell to the hydrophobic domain, the triple fusion protein exhibited GFP fluorescence but no ␤-galactosidase activbody, in the dendrites, and to a lesser extent in the axons of the chemosensory neurons in a discrete puncity (0/6 transgenic lines stained) ( Figures 5F and 5H ). This fusion protein also rescued the diacetyl response tate pattern ( Figure 5B ). It was not observed in the sensory cilia, making a receptor clustering role less likely.
of odr-4 mutants, indicating that ODR-4 function was not disrupted by the addition of GFP and ␤-galactosidase In the cell body, ODR-4-GFP was excluded from the nucleus but was present in the cytoplasm in intercon-( Figure 4B ). These results do not prove, but are consistent with, a topology in which the bulk of the ODR-4 necting ribbons or tubules ( Figure 5C ). Three-dimensional rendering and rotation of a stack of high-resoluprotein is located in the cytoplasm, its C-terminal hydrophobic tail anchoring it into a subcellular membrane. tion images suggested that ODR-4-GFP was not present on the plasma membrane. This subcellular localization of ODR-4 is consistent with residence in the endoplas-
The odr-4/odr-8 Requirement Is Specific for a Subset of Chemoreceptors Expressed mic reticulum, Golgi apparatus, and transport vesicles.
The topology of ODR-4 protein was explored using in AWA and AWC Neurons Since odr-4 and odr-8 have defective responses to sev-␤-galactosidase hybrid proteins (Froshauer et al., 1988) ; ␤-galactosidase is active only in the cytoplasm. The eral odorants, we asked whether other olfactory receptors require odr-4 and odr-8 for localization to cilia. odr-10 is reporter genes GFP and LacZ were fused to odr-4 in tandem either replacing the hydrophobic domain or folthe only receptor for which an odorant ligand has been determined, but a large number of candidate C. elegans lowing it (see Figure 4B) . The GFP sequence served as chemosensory receptors have been identified through using wide-field deconvolution revealed that GFP fluorescence in odr-4 mutants was diffuse throughout the examination of genome sequence (Troemel et al., 1995 (Troemel et al., , 1997 ; E. R. T. and C. I. B., data not shown). These seven cytoplasm ( Figure 6C ), with lower levels in the nucleus. Other candidate chemoreceptor proteins were localtransmembrane receptors fall into six families based on sequence similarity: the str gene family, for which odrized to cilia in an odr-4-and odr-8-independent fashion. SRD-1 and SRG-2 are candidate chemoreceptors that 10 is the founding member, and the sra, srb, srg, srd, and sre gene families. There is distant sequence similarity localize to the ASI and ASK cilia, respectively (Troemel et al., 1995; Chou et al., 1996) . The localization of SRD-1-between the sra and srb gene families and between the srd and str gene families, but the other families are GFP and SRG-2-GFP proteins was normal in odr-4(n2144) and odr-8(ky31) mutants. Thus, while they express ODRessentially unrelated.
Analysis of additional receptor-GFP fusions revealed 4-GFP protein, the ASI and ASK neurons are able to transport receptors to the cilia by an alternative pathway that odr-4 and odr-8 are required for correct localization of some, but not all, receptor proteins. STR-2 is a candi-(data shown for SRG-2-GFP in odr-4, Figure 3F) . By altering the cell that expressed ODR-10-GFP, we date chemoreceptor that is localized to the cilia of AWC neurons in wild-type animals ( Figure 6A) , with a lower found that odr-4-dependence was defined by a combination of receptor sequence and sensory cell type. Since level of protein apparent in the cell body excluding the nucleus. In odr-4 and odr-8 mutants, the STR-2-GFP ODR-4-GFP expression was observed in the AWB and ASI neurons, an ODR-10-GFP fusion protein was exfusion protein was absent from the cilia but appeared in the cell body and faintly in the dendrite ( Figure 6B , pressed using either the AWB-specific str-1 promoter or the ASI-specific str-3 promoter. The ODR-10 fusion and data not shown). Examination at high magnification Figure  4B ) is expressed in ten types of amphid neurons: AWA, AWC, AWB, ADF, ADL, ASG, ASH, ASI, ASJ, and ASK, and in the two types of phasmid neurons, PHA and PHB. Expression is seen from the 3-fold embryonic stage onward. The amphid neurons are shown in the head of an adult (lateral view, large arrow points to ADL). The phasmid neurons are visible in the tail of an adjacent larva (small arrow, dorsal view). Scale bar, 30 m. (B) GFP-tagged ODR-4 appears punctate in the dendrites (arrowhead) and axons but is not seen in the cilia. This C-terminal tag rescues the odr-4 olfactory defect (pODR-4-4, Figure 4B ). Similar localization was observed in animals stained with anti-GFP antisera to enhance ODR-4 detection (data not shown). The expression pattern was not altered in odr-4(n2144) or odr-8(ky31) mutants. (C) GFP-tagged ODR-4 labels intracellular membranes in the cell body reminiscent of endoplasmic reticulum. Wide-field deconvolution image of a neuronal cell body expressing this protein shows fluorescence on intracellular structures. Three-dimensional rendering and rotation of a stack of images revealed interconnected sheets and tubules; surface invaginations suggested that the labeled membranes are cytoplasmic, not on the surface. Scale bar, 2 m. (D) Expressing ODR-4 only in AWA neurons was sufficient to rescue diacetyl chemotaxis (see Figure 4B ). GFP-tagged ODR-4 expressed from the odr-10 promoter was expressed only in the AWA neuron (arrow). The arrowhead points to a puncta in the dendrite. (E-H) Double fusions of ODR-4 to GFP and ␤-galactosidase, which is functional only in the cytosolic compartment. When the transmembrane domain of ODR-4 was deleted and replaced by GFP-LacZ, robust ␤-galactosidase activity was observed (E), but olfaction was not rescued. Conversely, when GFP-lacZ was fused after the transmembrane domain, olfactory function was restored, but no ␤-galactosidase activity was observed (F). GFP was expressed well in both fusion proteins (G and H). See Figure 4B for constructs and rescue data. Scale bar, 30 m.
protein was strongly localized to AWB and ASI cilia in is essential for both, and in AWB neurons, odr-4 is partly required for both. wild-type animals ( Figure 6D , arrowhead shows AWB cilium; Figure 6I , arrowhead shows ASI cilium). However, In a converse experiment, when the odr-10 promoter was used to express an SRD-1-GFP fusion protein in in odr-4 and odr-8 mutants, far less ODR-10-GFP appeared in these cilia ( Figure 6E and 6J, arrowheads; and the AWA neurons, the fusion protein was localized to the AWA cilia to an equal extent in wild-type and odr-4 data not shown). Moreover, odr-4 mutants accumulated ODR-10-GFP in the AWB cell body (arrow in Figure 6E ), (n2144) mutant animals ( Figure 3G ). Although the expression of this protein was poor, this result suggests suggesting that some receptors are retained there. Thus, ASI and AWB neurons do use odr-4 and odr-8 to that the AWA neurons can export some receptor proteins to the cilia using an odr-4-independent mechalocalize the ODR-10 protein, but unlike AWA neurons, these heterologous neurons can also use a different nism, even though ODR-10 in AWA is wholly dependent on odr-4. mechanism to partly substitute for odr-4 and odr-8 (e.g., ODR-10 may take advantage of the mechanism that ASI neurons use to localize SRD-1). The partial effects of Discussion odr-4(n2144) in AWB were not enhanced by placing it in trans to a deficiency of the odr-4 locus ( Figure 6H ).
odr-4 and odr-8 Are Required for the Function of a Subset of Odorant Receptor Proteins An intermediate requirement for odr-4 was also observed when assessing the behavioral function of odr-ODR-4 is a novel protein with an essential function in the biogenesis of seven transmembrane domain receptors. 10 in the AWB neurons. When odr-10 is expressed under the AWB-specific str-1 promoter to create a strain called odr-4 and odr-8 are required for the localization of some odorant receptors in the AWA and AWC olfactory neuodr-10(B), it causes diacetyl avoidance instead of the diacetyl attraction usually mediated by AWA neurons rons. The odorant-specific behavioral phenotypes of odr-4 and odr-8 mutants implicate them in olfactory (Troemel et al., 1997) . odr-4 mutations decreased but did not eliminate diacetyl avoidance in odr-10(B) animals signal transduction, and their cellular phenotypes reveal specific defects in receptor localization to the sensory ( Figure 6F ). These results show that the odr-4 requirement for odr-10-mediated behaviors is closely correcilia. odr-4::GFP fusions were expressed only in chemosensory neurons, including the AWA and AWC neurons lated with ODR-10 localization: in AWA neurons, odr-4 as well as several additional classes of neurons that are It is likely that some odorant receptors expressed in AWA and AWC require odr-4 for their localization, while not known to be defective in odr-4 and odr-8 mutants.
All of these neurons terminate in specialized sensory others in the same cells do not. Single olfactory neurons in C. elegans can detect multiple odorants (Bargmann cilia that are in contact with the environment. Mechanosensory and thermosensory neurons in C. elegans also et al., 1993) and express multiple candidate chemoreceptor genes (Troemel et al., 1995) . Since odr-4 and terminate in sensory cilia, but odr-4 expression was observed only in neurons with chemosensory functions, odr-8 mutants respond to pyrazine, which is sensed by AWA neurons (Bargmann et al., 1993) , the pyrazine suggesting involvement in chemosensory function and not general cilium function.
receptor presumably makes use of a non-odr-4 localization system in AWA neurons. Non-odr-4 localization sysEven within the chemosensory neurons, the odr-4/ odr-8 system is not a general cilium transport system, tems are probably present in other chemosensory neurons as well, since ODR-10 in AWB or ASI can still be since a G␣ protein and two putative cation channels are localized properly to AWA or AWC cilia in odr-4 and transported to the cilia in odr-4 and odr-8 mutants, albeit less efficiently. odr-8 mutants. Nor is it an essential factor for seven transmembrane receptor localization, since SRD-1-GFP
The cis-and trans-acting factors that control folding and localization of G protein-coupled receptors are can find its way to the AWA cilia independently of odr-4. poorly understood. Some deletion studies suggest that sequences within the transmembrane segments determine targeting (Keefer et al., 1994; Unson et al., 1995) , while others suggest that the C-terminal tail may be required for efficient localization (Konopka et al., 1988; Sung et al., 1994) . Our results suggest that the receptor sequences may be recognized by overlapping or competing systems like the odr-4/odr-8 system. The requirements for receptor folding and localization may differ depending on the complement of accessory pathways that exist in a given cell.
The existing allele in odr-4 probably reduces odr-4 function, but it may not be a null allele. It is possible that a null mutation in odr-4 would have more severe phenotypes. However, genetic evidence argues that there is a discrete odr-4/odr-8 function required for the activation of benzaldehyde, diacetyl, and trimethylthiazole receptors. All five odr-8 alleles disrupt the same odorant responses that are affected by odr-4, and double mutants and deficiency heterozygotes maintain this specificity. Even if these genes ultimately affect other odorant receptors as well, they appear to be absolutely essential in a subset of responses. bic membrane attachment domain (Colley et al., 1991; Ferreira et al., 1996) . The sequence of ODR-4 is acidic and hydrophilic, including 15% acidic residues (Asp/ insertion itself may be inefficient without accessory facGlu) and 9% basic residues (Lys/Arg). The acidic charge tors. odr-4 and odr-8 could also be involved in recognidistribution is interesting because the intracellular setion of the folded receptor as a hypothetical "folding quences of predicted C. elegans odorant receptors are monitor" (Rothman and Wieland, 1996) . In the absence highly basic, including ‫%02ف‬ basic residues and only of such a monitor, even a correctly folded receptor might 6%-8% acidic residues, while their extracellular senot be recognized as such and so could be banished quences are neutral or slightly acidic. A similar systemto lysosomes or proteasomes. atic charge bias is seen in other G protein-coupled reSecond, ODR-4 could function as a cargo receptor, ceptors, including mammalian olfactory receptors. One packaging odorant receptors into vesicles destined for possibility is that recognition of the basic intracellular the cilia (Rothman and Wieland, 1996) . The diffuse cytoloops of the receptor by the acidic ODR-4 protein leads plasmic appearance of the ODR-10-GFP and STR-2-to a stable interaction between the two proteins that GFP in odr-4 mutants could result from the receptors assists folding or transport.
being sorted erroneously into small vesicles or lysoTranscription from the odr-10 promoter was not visisomes. bly affected by odr-4, but levels of ODR-10-GFP protein Third, ODR-4 could function in targeting vesicles to appear to be reduced in odr-4 mutants. Protein degradathe cilia. It might act as a vesicle coat protein that facilition may occur as a secondary effect of ODR-10 misfoldtates vesicle trafficking (Kirchhausen et al., 1997) or as ing or mislocalization.
a factor that aids motor-driven transport of the vesicles Figure 7 represents three simple models for odr-4 funcdown the dendrite (Hirokawa, 1998) . Alternatively, at a tion in the olfactory neurons. ODR-4 might be a chaperlater step, ODR-4 could mediate vesicle fusion specificone required to help fold or stabilize some olfactory ity, allowing vesicles containing receptors to fuse with receptors. Proper folding is required for receptors to the cilium membrane. Vesicles that were denied fusion exit from the endoplasmic reticulum (Gudermann et al., access at the cilium might be sent back to the cell body, 1997), and unfolded receptors would not be allowed into explaining the observation of receptor-GFP enrichment the secretory pathway and might be degraded. Olfactory in the cell bodies of odr-4 mutants. receptors and most seven transmembrane domain proteins lack a classical signal sequence, so membrane Although there are many other possible models for (Bargmann et al., 1993) . Since the left breakpoint of nDf16 lies in the stP120 to mec-14 interval, we determined the only be synthesized at the base of the cilium. They are breakpoint in relation to the physical map. PCR primers were generprobably not required for maintenance of receptor proated to unique sequences from cosmids in the region and used to tein in the cilia, since the ODR-4 protein is absent from assay for the presence of those sequences in nDf16 homozygous this cellular compartment. odr-8 and ninaA? It is likely that similar systems remain to be discovered. Attempts to express the mammalian
Chemotaxis Assays
Population chemotaxis assays on well-fed adult animals were perolfactory receptors in heterologous cell systems have formed as described (Bargmann et al., 1993; Troemel et al., 1997) .
been largely unsuccessful, suggesting that trans-acting factors may be required for efficient targeting of those
Molecular Biology Methods
odorant receptors to the plasma membrane. Similarly, All general molecular biology manipulations were performed using the ␣2C adrenergic receptor and some peptide recepstandard methods (Sambrook et al., 1989 of proteins involved in traffic control for seven transl of the reaction was removed for viewing on an agarose gel stained with ethidium bromide.
membrane domain receptors.
Germline Transformation Experimental Procedures
Rescue experiments were performed by injecting cosmids from the odr-4 genomic region at concentrations of 10-30 ng/l or GFP conStrains and Genetics structs at 30-50 ng/l (Mello et al., 1991) together with pJM23 linWild-type nematodes were C. elegans variety Bristol, strain N2.
15 marker DNA (Huang et al., 1994) at 50 ng/l into the gonads of Strains were maintained using standard methods (Brenner, 1974 lin-15(n765ts) worms. Transgenic lines were identified Animals were grown at 20ЊC for most experiments and at 25ЊC for by rescue of the lin-15(n765ts) multivulva phenotype at 20ЊC, tested chemotaxis assays. Many strains were provided by the Caenorhabfor chemotaxis to diacetyl or other odorants, and/or examined for ditis Genetics Center.
GFP expression. Integrated arrays of transgenes were made by inducing chromosomal breaks in animals carrying extrachromoIsolation of Mutants somal arrays of test DNA ϩ pJM23 with either ␥ rays from a 137 Cs odr-4(n2144) was isolated previously (Bargmann et al., 1993) . odr-8 source (6000 rads) for kyIs37, or psoralen ϩ UV irradiation, cloning alleles were isolated in behavioral screens for animals that could out two generations of progeny, and identifying animals in the F2 not chemotax to diacetyl. The mutagenesis and screens were perwhich had no lin-15 mutant progeny and expressed the transgene. fomed as described previously, using either NaCl or pyrazine as the second odorant in a choice (Bargmann et al., 1993; Sengupta et Isolation and Characterization of cDNAs al., 1996). All mutants were backcrossed at least four times before
The 5.4 kb SpeI-XhoI genomic fragment of cosmid C28A6 was used behavioral testing. odr-4 and odr-8 were identified as two different as a probe to screen approximately 1 ϫ 10 6 plaques of a mixed-stage genes by complementation testing and by Joe Chou by mapping C. elegans cDNA phage library (a gift of Bob Barstead; Barstead and odr-8 to chromosome IV. odr-4; odr-8 double mutants were made Waterson, 1989) . Twenty-one positive clones were identified and by eliminating markers linked to both mutations and confirmed by partially sequenced, and nine clones were sequenced completely complementation testing.
on both strands. Six clones were identical and were full-length as judged by the presence of the SL1 trans-spliced leader at their 5Ј Mapping of odr-4 ends. One clone had an additional 5Ј noncoding exon and an SL1 odr-4(n2144) had been previously mapped near the marker sma-3 splice leader. (Bargmann et al., 1993) . We used three-factor, four-factor, and PCR mapping to refine the odr-4 position to the interval between the Tc1 polymorphism stP120 (Williams et al., 1992) 
